† Background and Aims The genus Sinojackia consists of eight species, all endemic to China. All species of Sinojackia are endangered or threatened owing to poor recruitment within populations. Information on molecular phylogenetics is critical for developing successful conservation strategies for this genus. † Methods Combined DNA sequence data from the nuclear ribosomal internal transcribed spacer regions and plastid psbA-trnH intergenic spacer and microsatellite data were used to infer a phylogeny of the genus. † Key Results Parsimony analysis of the combined sequence data and multivariate analysis based on fruit characters indicated that Sinojackia dolichocarpa is monophyletic and genetically well separated from the other Sinojackia species, thus supporting its rank at the generic level as Changiostyrax. Phylogenetic relationships within Sinojackia sensu stricto are unresolved from the combined sequence data. A UPGMA dendrogram based on seven microsatellite loci of 96 individual plants yielded a first-diverging cluster of all individuals of S. microcarpa. The remaining species form another cluster without any definitive patterns corresponding to current species circumscriptions, suggesting either extensive hybridization or incipient speciation. † Conclusions The results suggest that there are too many species recognized within Sinojackia sensu stricto, but this must be further assessed with comprehensive morphological and taxonomic revisionary work. The implications of the phylogenetic data for conservation are discussed.
INTRODUCTION
Sinojackia is a Chinese endemic genus of Styracaceae comprising eight species (Yao et al., 2007a) . The first report of this genus was based on a specimen from Jiangsu Province, in eastern China, which was recognized as S. xylocarpa Hu (Hu, 1928) . Since then, Hu (1930) described S. rehderiana Hu from Jiangxi, and Merrill (1937) transferred Pterostyrax henryi Dummer to Sinojackia as S. henryi (Dummer) Merr. Subsequently, Luo (1992) described S. sarcocarpa L. Q. Luo from Sichuan, and Chen discovered S. microcarpa C. T. Chen & G. Y. Li and S. oblongicarpa C. T. Chen & T. R. Cao from Zhejiang and Hunan, respectively (Chen and Li, 1997; Chen, 1998) . The genus has a widespread but disjunct distribution in China, occurring from Zhejiang Province in eastern China to Sichuan Province in southwestern China. Most species of the genus have potential horticultural value (Chen and Chen, 1996) . All species of Sinojackia are endangered or threatened as a result of small population size and lack of regeneration within populations (Fu, 1992; Wang and Xie, 2004; Yao et al., 2005) . It is therefore important to conduct molecular phylogenetic studies to provide effective conservation measures for this endangered genus. Chen (1995) segregated Sinojackia dolichocarpa as the new monotypic genus Changiostyrax. This was done because S. dolichocarpa differs significantly from Sinojackia in characters of the trunk, flowers and fruit. Hwang and Grimes (1996) , however, indicated that the systematic position of S. dolichocarpa was indefinite, and the taxonomic position of this species remains in dispute (Cao et al., 2006) . The other seven species of Sinojackia are morphologically similar, and delimitation relies substantially on fruit morphology. During surveys of the morphological features of Sinojackia, however, a high degree of variation in fruit morphology was observed in S. xylocarpa within and among populations sampled from Jiangsu and Henan provinces (X. Yao et al., unpubl. res.) . Such variation also occurs in S. huangmeiensis, S. sarcocarpa, S. oblongicarpa and S. rehderiana (Luo, 2005; Yao et al., 2005) . Therefore, primary reliance on fruit characters as indicators of phylogenetic relationships and species circumscription in Sinojackia appears to be problematic.
A recent phylogenetic study of Styracaceae based on morphological and molecular data (Fritsch et al., 2001) supported the distinctness of S. dolichocarpa from the two other Sinojackia species sampled. The sampling of Sinojackia is expanded herein to all known species except for S. henryi to assess phylogenetic relationships in the group. Numerous studies have documented the utility of the internal transcribed spacer region (ITS, comprising the ITS-1 and ITS-2 spacers and the 5 . 8S gene) of nuclear ribosomal DNA for resolving relationships among closely related species (Baldwin et al., 1995; Soltis and Soltis, 1998) . The ITS region was therefore used to sample the nuclear genome of Sinojackia. We also attempted to base the phylogenetic reconstruction on five regions of the plastid genome: the trnS -trnG, atpB -rbcL and psbAtrnH intergenic spacers (IGS), the trnL intron and the rps4 gene. Microsatellite [¼simple sequence repeat (SSR)] loci were also used as an independent approach to provide phylogenetic resolution not achieved with the use of DNA sequence data. The objectives of the present study were to (1) reconstruct species relationships within Sinojackia, (2) assess the taxonomic rank and position of S. dolichocarpa (;Changiostyrax dolichocarpus), (3) assess the distinctness of the other species within the genus and (4) address conservation concerns about Sinojackia in the context of the results.
MATERIALS AND METHODS

Plant material
Sources of plant material used in this study are listed in Table 1 . Bruinsmia styracoides, Halesia carolina, H. diptera, H. macgregori, Melliodendron xylocarpum, Pterostyrax corymbosus, P. hispidus, P. psilophyllus and Rehderodendron macrocarpum were included in the analysis, with B. styracoides used as outgroup in accordance with the results of Fritsch et al. (2001) . Seven taxa representing all Sinojackia species except S. henryi were included in the phylogenetic analysis. No wild populations or individuals of S. henryi have been found since the type specimen was first collected in 1937, suggesting that this species may be extinct in the wild (Yao et al., 2005) . A pilot study with single individuals of seven Sinojackia species and P. psilophyllus was initially performed to search for the most variable DNA regions. rps4, atpB -rbcL, trnS -trnG, psbA -trnH and trnL were surveyed ( Table 2) . ITS sequences were obtained from GenBank for several additional taxa, including S. xylocarpa, S. rehderiana, S. dolichocarpa, B. styracoides, H. carolina, H. diptera, H. macgregori, M. xylocarpum, P. corymbosus, P. hispidus, P. psilophyllus and R. macrocarpum (Table 1 ). All species of Sinojackia excluding S. henryi have been conserved ex situ in the Wuhan Botanical Garden, the Chinese Academy of Sciences (WBG, CAS). The complete data sets are available upon request from the first author. Ten individuals of S. dolichocarpa, 13 of S. oblongicarpa, ten of S. sarcocarpa, 16 of S. huangmeiensis, 17 of S. rehderiana, 15 of S. microcarpa and 15 of S. xylocarpa from a single population of each species (Table 1) were used for analysis of seven microsatellite loci developed by Yao et al. (2006) .
Morphological analysis
Styracaceae taxonomy follows Hwang and Grimes (1996) , Chen and Li (1997) , Fritsch et al. (2001) and Yao et al. (2007a) . Five individuals from each of the seven species of Sinojackia and one individual from each of the species of the five genera of Styracaceae that were used in the analysis based on DNA sequences plus individuals of three other genera (Alniphyllum, Huodendron and Styrax) were included in the morphological analysis.
Sixteen fruit characters considered useful in delimiting genera of Stryacaceae were included in the analysis (Appendix). These characters were derived from the generic descriptions in Hwang and Grimes (1996) and the data from Fritsch et al. (2001) . The matrix of morphological characters was subjected to principal coordinates analysis (PCoA) in NTSYS-pc (Rohlf, 2000) based on a distance matrix derived from the similarity coefficient of Nei (1972) .
Genomic DNA extraction, PCR amplification, sequencing and microsatellite typing Total DNA was extracted from fresh leaf material by using the 2-CTAB method (Doyle and Doyle, 1987) as modified to include two initial phenol/chloroform/isoamyl alcohol (25 : 24 : 1) extractions and followed by a chloroform/isoamyl alcohol (24 : 1) extraction. The primers for all PCR amplification reactions are listed in Table 2 . Reaction volumes were 25 mL and contained 1 . 5 U AmpliTaq DNA polymerase, Replitherm buffer,
primer and 25-60 ng sample DNA. PCR was performed in a PTC-200 thermocycler (BioRad, Hercules, California, USA). PCR amplifications for the five regions of the plastid genome were carried out at an initial denaturation of 94 8C for 4 min, followed by 35 cycles of 94 8C of 45 s, 50 8C for 1 min and 72 8C for 1 min, finally followed by an extension of 7 min at 72 8C. Amplification of the ITS region was conducted with 35 cycles of 94 8C for 45 s, 50 8C for 1 min and 72 8C for 1 min 30 s, followed by a final extension of 7 min at 72 8C. PCR products were purified by using the E.Z.N.Aw Gel Extraction Kit (Omega Bio-Tek). All cleaned PCR products except those of the ITS region were cloned into a pMD-18-T vector (Takara). Ligation, transformation and plating were carried out by following the recommendations of the manufacturer. One clone of each species was obtained and plasmid DNA preparations were carried out by following the protocols for precipitation with Watson's plasmid mini-columns. Because Fritsch et al. (2001) reported that many ITS cloned sequences in Styracaceae may represent pseudogenes, the ITS region was directly sequenced following the methods of Fritsch et al. (2001) . There are only a few point mutations in the 5 . 8S subunit of all of our Sinojackia samples, indicating that the sequences probably represent functional copies of the ITS region. Purified PCR products and plasmid DNA preparations were sequenced with the ABI BigDye TM Terminators Cycle Sequencing Kit (Applied Biosystems) in an ABI Prism 3100 automated sequencer.
Microsatellite typing was performed in accordance with the methods described in Yao et al. (2006) with the loci Sx11, Sx15, Sx40, Sx101, Sx112, Sx116 and Sx154. The identification of alleles was based on the disposition of the fragments in relation to a 10-bp marker ladder on a high-resolution polyacrylamide gel with silver staining.
Phylogenetic analysis
Sequences were initially aligned using the CLUSTAL W algorithm (Thompson et al., 1994) and then edited manually. Because the informative characters for trnL, rps4, trnS -trnG and atpB -rbcL were too few for construction of a phylogenetic tree, these regions were excluded from subsequent analyses (Table 3) . Phylogenetic trees were thus based on psbA-trnH and ITS data only. Optimal trees were inferred using maximum parsimony (MP) as implemented in PAUP* version 4 . 0b10 (Swofford, 2003) . For all analyses, characters were equally weighted, gaps were treated as missing data, parsimony-uninformative characters were excluded and multistate characters were treated as uncertainties. Analyses were performed with the following options implemented: heuristic search mode used 1000 randomaddition sequence replicates, tree bisection -reconnection (TBR) branch-swapping, MULTrees option on, steepest descent off and branches collapsed when maximum length was zero. Bootstrap analyses were conducted using full heuristic searches, 1000 bootstrap replicates and ten random-addition starting sequences with all trees saved, removing taxa with identical sequences. Separate and combined phylogenetic analyses of the Sinojackia matrix were performed. The incongruence length difference (ILD) test was conducted to determine whether the plastid DNA and nrDNA data partitions differed significantly from random partitions of the combined data (Farris et al., 1994) . This was implemented as the partition homogeneity test in PAUP* by using 100 replicates and 1000 random-addition starting sequences. Maximum likelihood (ML; with PAUP*) and Bayesian (MrBayes 2 . 01, Huelsenbeck and Ronquist, 2001 ) analyses were also conducted for all three data sets using substitution models estimated with Modeltest v. 3 . 06 (Posada and Crandall, 1998) . Because the results from these analyses were congruent with the results of the MP analyses, they are not presented here.
The unweighted pair group mean analysis (UPGMA) cluster method was used to generate a dendrogram of all individual plants based on Nei's genetic distance values (Nei, 1972) . The analysis was performed by using the SAHN and TREE programs provided with the software NTSYS pc2 . 0 (Rohlf, 2000) .
RESULTS
The multivariate analysis indicated a clear morphological separation of Sinojackia dolichocarpa from other species of the genus and from the other genera of Styracaceae sampled, and little morphological variation among the individuals of S. dolichocarpa. The PCoA revealed that all individuals of the six species of Sinojackia other than S. dolichocarpa clustered closely together and interspecific differentiation was not apparent (Fig. 1) .
The length of the psbA -trnH sequences ranged from 177 to 529 bp. Alignment of nine taxa for psbA -trnH yielded 550 nucleotide sites, of which 84 were potentially parsimony-informative. The G þ C content ranged from 26 . 7 to 34 . 9 % with a mean of 29 . 4 %. The aligned length of the ITS region comprised 682 characters for nine taxa. The data set contained 69 potentially parsimony-informative characters. The G þ C content ranged from 63 . 5 to 67 % with a mean of 64 . 5 %. The rps4 gene contained one potentially parsimonyinformative and 47 uninformative nucleotide substitutions. The trnS -trnG region contained four potentially parsimony-informative and 83 uninformative nucleotide substitutions. The atpB -rbcL and trnL regions had two potentially parsimony-informative characters each. The topology of the strict consensus tree with the data from trnL, rps4, atpB -rbcL and trnS -trnG included did not differ from that based on ITS and psbA -trnH alone. The former regions contained little phylogenetic signal and were therefore excluded from the final analysis (Table 3) . The ILD test indicated that the ITS and psbA -trnH data sets were not significantly incongruent (P ¼ 0 . 12).
Parsimony analyses based on the combined ITS þ psbAtrnH data yielded 4127 most-parsimonious trees (MPTs) with a length of 358, consistency index of 0 . 76 and a retention index of 0 . 85 (Fig. 2) . The strict consensus trees of the MPTs based on either ITS or psbA-trnH alone (data not shown) were similar to that based on the combined data as regards the relationships among the species of Sinojackia. In the combined strict consensus, S. dolichocarpa was placed as part of a large polytomy that also included most genera of Styracaceae. The other species of Sinojackia (Sinojackia sensu stricto) formed a clade with strong bootstrap support (100 %). Phylogenetic relationships within Sinojackia sensu stricto were unresolved (bootstrap support ,50 %).
The UPGMA dendrogram based on microsatellite data of the 96 individual plants of Sinojackia yielded a first-diverging cluster containing all individuals of S. dolichocarpa (Fig. 3) . All individuals of S. microcarpa formed the next cluster, but were much closer to the remaining individuals of Sinojackia sensu stricto than to those of S. dolichocarpa. The individuals of the remaining Sinojackia species were intermixed with no clearly discernible patterns.
DISCUSSION
Phylogenetic relationships of Sinojackia
The phylogenetic analyses based on both the combined sequence and microsatellite data, as well as the PCoA analysis of fruit characters, confirm the findings of Fritsch et al. (2001) that S. dolichocarpa is a distinct lineage from the other members of Sinojackia. Thus, our data strongly support Chen's (1995) transfer of S. dolichocarpa to the monotypic genus Changiostyrax. Chen delimited Changiostyrax from Sinojackia sensu stricto using the following unique combination of characteristics: trunk without thorns (versus with thorns), vegetative buds without scales (versus with scales), inflorescences ebracteate (versus bracteate), flowers 4-merous (versus 5-or 6-merous), stamens 8, equal in length (versus 10 or 12, unequal in length), anther connectives not prolonged (versus prolonged), ovary semi-inferior (versus fully inferior) and fruit terminated by a long rostrum (versus a The consensus tree based on combined ITS and psbAtrnH sequence data exhibited no resolution among the species of Sinojackia sensu stricto. This is consistent with the observation that species of Sinojackia sensu stricto show low levels of interspecific morphological divergence, i.e. only in flower size, petal shape, and fruit size and shape (Yao et al., 2007a) . The UPGMA analysis based on microsatellite loci indicated a first-diverging position for S. microcarpa, whereas all other species of Sinojackia sensu stricto exhibited no distinct grouping patterns. Compared with the other species of Sinojackia sensu stricto, S. microcarpa possessed little intraspecific morphological variation in floral and fruit characters (Yao et al., 2007a) . In combination with our microsatellite data, this suggests that, other than S. microcarpa, the entities within Sinojackia sensu stricto are undergoing either extensive hybridization or incipient speciation.
The differences in geographical range, elevation and flowering period of species of Sinojackia sensu stricto suggest that opportunities for hybridization or gene introgression are currently limited. Most species have limited ranges, with populations of small size that occur in isolated patches scattered throughout the low-elevation mountain ranges of east and central China. It has been hypothesized, however, that Sinojackia species may be remnants of a formerly more continuous and widespread series of populations in China that has been disrupted by human activity (Yao et al., 2005) . Interspecific hybridization, with or without subsequent introgression from one species into another, occurs commonly in natural populations of many groups of plants (Rieseberg and Carney, 1998) . Potential natural hybridization within Sinojackia sensu stricto is supported by an artificial reciprocal cross between S. xylocarpa and S. rehderiana, the progeny of which readily set seeds . Moreover, parentage analysis based on microsatellites indicates that nearly 5 % of candidate fathers of progeny of S. xylocarpa are from S. rehderiana in Wuhan Botanical Garden, which is consistent with a pattern of natural hybridization (J. J. Zhang et al., pers. comm.) .
Regardless of whether the complex microsatellite pattern within and among species of Sinojackia sensu stricto observed in the present study is due to extensive hybridization or incipient speciation, the present data suggest that the ultimate morphological basis for recognizing species in Sinojackia sensu stricto should now be revisited, especially when considered in combination with observations of high morphological variation within and similarity among several of the species, as previously observed (Luo, 2005; Yao et al., 2005) . This has already occurred in the case of S. oblongicarpa, in which variation in flower and fruit dimensions lies within that found in S. sarcocarpa and has prompted the treatment of the former as a synonym of the latter (Luo, 2005) . On the basis of our microsatellite data alone, all species of Sinojackia sensu stricto excluding S. microcarpa could be reduced to synonyms of S. xylocarpa, the first described species of the group. Whether this is ultimately the best alternative, however, should await further careful morphological and anatomical studies focusing on variation within and among populations as part of a comprehensive taxonomic revision of the group.
The use of microsatellites in phylogenetic studies of Sinojackia
The intergenic spacers of atpB -rbcL, trnS -trnG and psbA -trnH have been shown to be variable in studies of plant population genetic diversity (e.g. Hamilton, 1999; . The low DNA sequence variation observed among the species of Sinojackia sensu stricto for these plastid DNA regions, however, was not useful in resolving relationships. The nearly exclusive use of DNA sequence data from the ITS region to resolve relationships at low taxonomic levels reflects the paucity of alternatives from the nuclear genome for this purpose (Baldwin et al., 1995; Soltis and Soltis, 1998; Manos et al., 1999; Kyndt et al., 2005) . Despite its more rapid rate of evolution than plastid DNA, ITS often exhibits a lack of intrageneric variation (e.g. Leclerc et al., 1998; Schilling et al., 1998; Blattner et al., 2001; Zhang et al., 2001; Després et al., 2003) , and there are presumably ITS studies that remain unpublished due to lack of resolution. Like the plastid DNA spacers, the ITS region was not useful in resolving relationships among species of Sinojackia sensu stricto.
Phylogenetic inference at low taxonomic levels is often limited in plants by the lack of suitable DNA regions, such as mitochondrial DNA in animals (Després et al., 2003) . In plants, microsatellites have been widely used in cultivar identification, genomic mapping and population genetics (Jarne and Lagoda, 1996; Zheng et al., 2004; Somers et al., 2004) . They have not, however, been widely used in phylogenetic inference due to rapid evolution and potential for homoplasy (Jarne and Lagoda, 1996) , but these problems should be alleviated through maximizing the sample size for each species and using suitable genetic distance measures (Nei et al., 1983; Goldstein and Pollock, 1997) . Microsatellites have the potential to resolve interspecific phylogenetic relationships, especially for closely related species for which ITS or plastid DNA variation is low or absent (Goldstein and Pollock, 1997) . The recent development of relatively rapidly evolving microsatellite loci for S. xylocarpa and their successful amplification here in congeners including S. dolichocarpa provided a source of phylogenetic information within the Sinojackia sensu stricto clade.
Conservation implications of the data for Sinojackia and Changiostyrax
An attribute shared by nearly all members within Sinojackia sensu stricto and Changiostyrax is their endangerment due to continued habitat destruction and harvesting for fuel wood (Yao et al., 2005 (Yao et al., , 2007b . The use of phylogenetic analysis to help determine conservation priorities has been advocated for cases in which resources are scarce and not all taxa can receive equal protection (Vane-Wright et al., 1991; Linder, 1995; Faith, 1996; Hopper et al., 1999) . This type of analysis provides an indication of evolutionary relationships and is not necessarily what would be predicted from morphological characters alone (Hopper et al., 1999) . For example, differences in the placement of S. dolichocarpa (Changiostyrax) in the cladograms of Qi (1981) and Chen (1995) would clearly lead to quite different conservation priorities; i.e. when S. dolichocarpa is transferred to the monotypic genus Changiostyrax, the conservation status of this species is reinforced. Only C. dolichocarpus and S. xylocarpa are currently considered vulnerable by the International Union for the Conservation of Nature (IUCN, http://www.iucnredlist. org), but the other species of Sinojackia sensu stricto have suffered serious population declines in recent years (Wang and Xie, 2004; Yao et al., 2005) ; whether they are considered one or several species will have a marked effect on assessment of their conservation status. In consideration of the levels of molecular variation found within and among populations, the method advocated by Ennos et al. (2005) in conserving the evolutionary processes that generate taxonomic biodiversity may be the best way to conserve the Chinese endemic genus Sinojackia.
